Zvarova K, Zvara P. Urinary bladder function in conscious rat pups: a developmental study. Am J Physiol Renal Physiol 302: F1563-F1568, 2012. First published April 25, 2012 doi:10.1152 doi:10. /ajprenal.00567.2011metric studies of bladder function in anesthetized neonatal rats have suggested specific changes in urodynamic parameters that coincide with the development of a mature bladder-to-bladder micturition reflex. Here, we used a conscious cystometry model that avoids the potentially confounding effects of anesthesia to characterize voiding patterns and urodynamic parameters during early postnatal development in healthy rat pups. Cystometry was performed on postnatal day (P)0, 3, 7, 14, and 21 rats with continuous intravesical instillation of NaCl via a bladder catheter. Micturition cycles were analyzed with respect to voiding pattern, nonvoiding contractions, infused volume, and basal, filling, threshold, and micturition pressures. Reproducible micturition patterns were obtained from all age groups. The time from stimulation to contraction was significantly longer (P Յ 0.001) in Յ1-wk-old rats (ϳ10 s) than that in older rats (ϳ3 s). An interrupted voiding pattern was observed in Յ10-day-old subgroups. Micturition pressure progressively increased with age (from 21.77 Ϯ 1.92 cmH2O at P0 to 35.47 Ϯ 1.28 cmH2O at P21, P Յ 0.001), as did bladder capacity. Nonvoiding contractions were prominent in the P3 age group (amplitude: 4.6 Ϯ 1.3 cmH2O, frequency: ϳ4.0 events/100 s). At P7, the pattern of spontaneous contractions became altered, acquiring a volume-related character that persisted in a less prominent manner through P21. Bladder compliance increased with age, i.e., maturation. In conclusion, conscious cystometry in rat pups resulted in reproducible micturition cycles that yielded consistent data. Our results revealed immature voiding and prolonged micturition contractions during the first 10 neonatal days and provide evidence for age-related changes in urodynamic parameters. postnatal development; cystometry MICTURITION is under the control of a highly complex system that integrates neural and smooth muscle components to produce coordinated and effective bladder performance (13). During development, an immature reflex precedes voluntary bladder control. The "rationale" for the switch in regulation is not exactly known, but continuing development of the central and peripheral neural pathways involved in the regulation of micturition is believed to underlie reorganization of the reflex (9, 19, 23, 28) . Maturation occurs in an ordered fashion such that children first achieve awareness of bladder fullness, then daytime urine control, and finally nighttime urine control. The time period of postnatal "tuning" varies among species, requiring 2-5 yr in humans and generally 2-3 wk in rats. By the end of this period, the sacral/perigenital bladder reflex that prevails during ontogeny is downregulated, and a mature supraspinal micturition reflex is established/activated, allowing voluntary/ spontaneous voiding (10, 21, 29) . The exact determinants of the continued development are not known; however, increasing contribution of various neurotransmitters, changes in the sensitivity of urinary bladder smooth muscle contractility to stimulation, and functional maturation of synaptic transmission and higher brain centers have been shown to play a role (1, 8, 22, 27, 37) . In addition to changes in bladder function, modulation of myogenic activity and progressive changes in urodynamic parameters have been described (23, 24, 33, 34) . To date, the maturation of neural regulation of voiding in general and the concept of neonatal bladder function in particular have only been investigated in vitro (using whole bladder preparations or urinary bladder smooth muscle strips) or in anesthetized animals. To protect the integrity of the engaged neural circuits while avoiding the compromising effects of general anesthetics on smooth muscle contractility and/or neural transmission, we developed a model for studying bladder function in conscious, healthy rat pups using experimental cystometry. The aim of this study was to record and characterize voiding pattern and urodynamics in vivo at various stages of postnatal development.
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MATERIALS AND METHODS
Animals. All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Vermont. Animal care complied with Association for Assessment and Accreditation of Laboratory Animal Care and National Institutes of Health guidelines and was under the supervision of the University of Vermont's Office of Animal Care. All efforts were made to minimize animal discomfort and the number of animals used. Timed pregnant Wistar rats (Charles River Laboratories) were obtained 1 wk before parturition. After parturition, pups remained with their mother until the day of the experiment. Experiments were performed during the day portion of the animals' circadian cycle. Postnatal day (P)0, 3, 7, 14, and 21 male and female animals (n ϭ 38) were used in this study.
Surgical procedures and cystometry. After rat pups had been anesthetized with 3% isoflurane (Webster Veterinary Supply,), an upper midline abdominal incision (anteriorly from the umbilicus) was made to expose the urinary bladder and keep the stimulation area injury free. A flared-end polyethylene catheter (PE-10 BD, inner diameter: 0.28 mm and outer diameter: 0.61 mm, Intramedic, Clay Adams) was inserted and sutured (Prolene 7-0, Ethicon) into the tip of the bladder dome. The catheter was then routed subcutaneously and exteriorized at the back of the animal's neck. Both incisions (abdomen and neck area) were closed. After a 20-min recovery period, the unrestrained, unanesthetized rat was placed on a heated pad (ϳ33°C) in a Small Animal Cystometry Lab Station (Catamount), and the free end of the bladder catheter was connected to a remotely controlled syringe pump. Saline (22-25°C) was infused into the bladder continuously at a rate of 0.75 ml/h. In pups with no spontaneous voiding (Յ2 wk old), each micturition was induced mechanically by gently stimulating the perigenital skin area with a cotton swab (35) . Cystometrograms were recorded, and parameters were measured and analyzed simultaneously. Information about voided volumes in younger groups was not collected; "bladder capacity" refers to the infused volume reached at the time of a pup's unrest and initiation of stimulation. Bladder compliance was calculated from the slope between baseline pressure (the maximum compliance pressure at the start of the micturition cycle and infusion volume) and threshold pressure (bladder pressure and infused volume at which the voiding contractions commenced) in three micturition cycles (30) .
Statistics and analysis. Urodynamic parameters and voiding patterns were analyzed. Within-group comparisons were analyzed using paired Student's t-tests, and comparisons between different rat age groups were analyzed using unpaired t-tests (OriginLab software). Bladder capacity, basal, filling, threshold and micturition pressure, and frequency and amplitude of nonvoiding spontaneous changes in intravesical pressure from multiple consecutive micturition cycles (Ն3 cycles) were averaged to provide a representative measure of bladder function. Nonvoiding contractions, defined as increases in bladder pressure Ͼ1 cmH 2O (4) during the filling phase, were analyzed using Mini Analysis software (Synaptosoft). The frequency of nonvoiding contractions was measured during 100-s intervals, starting at the midpoint of the filling phase of two consecutive micturition cycles. Values are means Ϯ SE.
RESULTS
Conscious cystometry was successful in all age groups. Voiding patterns were reproducible, with steady micturition cycles exhibiting evident filling and voiding phases. Perineal cutaneous stimulation initiated after the bladder had reached its estimated capacity, resulted in potent bladder contraction followed by micturition; although not quantified, the stimulus duration required to trigger micturition appeared to be longer in younger groups. Some young pups with full bladders exhibited behaviors (e.g., atypical movement or surveying surroundings) suggesting a degree of unrest or agitation. Developmental status was characterized according to 1) the presence/absence of intermediate voiding pattern, 2) changed bladder capacity, and 3) progressively increased micturition pressure.
Urodynamic parameters. The bladder volume at which voiding was successfully triggered was reproducible, with no significant within-group variations. Younger animals voided frequently due to their small bladder capacities. An innocuous mechanical trigger at volumes Յ50% of the cystometric bladder capacity was unable to elicit effective detrusor contraction (i.e., micturition). During such attempts, intravesical pressure transiently increased by ϳ7 Ϯ 4 cmH 2 O (n ϭ 3) and then returned to filling pressure values (Fig. 1 ). An interrupted voiding pattern characterized by two consecutive voidings within a short period of time was observed in some Յ10-dayold animals (Fig. 1) ; the amplitude of the second contraction was ϳ20% greater than that of the first contraction. A comparison of urodynamic parameters showed a significant agerelated increase in the amplitude of micturition contractions: P0, 21 There was also a trend toward higher peak micturition pressure in male pups at P0, P3, P7, and P14 compared with female pups, although these differences did not reach statistical significance (P0, P ϭ 0.052; P3, P ϭ 0.06; P7, P ϭ 0.059; and P14, P ϭ 0.056). No differences in basal, filling, or threshold pressures between pups and adult rats were observed (Fig. 2) . Micturition-contraction profiles changed during development. The total contraction duration at the micturition peak was longer in younger groups than in more mature groups: Յ1 wk, 10 Ϯ 2.1 s (P Յ 0.001); 1-2 wk, 6 Ϯ 1.8 s (P Յ 0.001); and 2-3 wk, 2 Ϯ 0.91 s (n ϭ 8 for each group; Fig. 3) .
Voiding patterns and nonvoiding bladder contractility. Detrusor contractile activity during filling, manifesting as fluctuations in bladder pressure, exhibited age-specific patterns, changing average amplitude, and frequency of individual events. At birth (P0), detrusor activity was absent (Fig. 4A ). This initial inactivity was temporary and was replaced shortly thereafter with prominent high-amplitude (P3: 4.6 Ϯ 1.3 cmH 2 O), low-frequency (ϳ4.0 events/100 s) rhythmic activity (Fig. 4B) . After the first week, the amplitude of pressure spikes acquired a volume-dependent character (Fig. 5) . Increases in bladder volume were associated with continuous increases in the magnitude of nonvoiding bladder contractions. No volume-induced changes in frequency were recorded. Micturition was consistently followed by a short period of markedly reduced contractile activity (resting activity). Interrupted voiding did not disrupt the progressive increase in the amplitude of volumedependent rhythmic contractions. Only after the bladder was completely empty did spontaneous bladder activity reset to a new cycle (Fig. 1) Bladder capacity. Bladder capacity exhibited a linear increase with age during the first 3 wk after birth: Յ1 wk, 82.49 Ϯ 10.13 l (n ϭ 6); 2-3 wk, 182.41 Ϯ 13.62 l (n ϭ 8); and Ն3 wk, 310.00 Ϯ 7.69 l (n ϭ 8, P Յ 0.001).
DISCUSSION
Here, we used a conscious cystometry experimental model to study age-related changes in rat bladder function and micturition patterns before maturity. Our results demonstrate that conscious cystometry in young animals is a feasible method for monitoring functional maturation of the urinary bladder, providing reliable and reproducible data. It allows for an assessment of the intermediate micturition patterns, revealing critical time periods and switch points in postnatal development of the reflex circuitry.
Neonatal bladder function has generally been considered to be an automated process, one that is mediated by a segmental spinal micturition reflex without the involvement of higher regulatory centers (5, 11) . In vivo cystometry, however, revealed incidents of behavioral unrest that coincided with a full bladder, suggesting that rat pups were aware of the need to empty their bladder. This phenomenon has been previously reported and may correspond to behavior observed in human newborns, indicating that the brain is already processing bladder fullness in the neonatal period. This interpretation is in agreement with recent findings suggesting that the voiding reflex pathway is anatomically developed at birth, although functional integration is immature (20, 29, 32) .
In our study, adequate stimulation resulted in efficient voiding at all ages. Voiding was elicited by potent detrusor contractions that exhibited progressive increases in magnitude, most likely reflecting structural and/or physiological increases in bladder mass and/or an increase in Ca 2ϩ sensitivity or the number of cellular Ca 2ϩ -binding sites during maturation, as previously reported (38, 40) . Contraction properties (upstroke amplitude and relaxation) in young pups were comparable with those in adults; however, the durations of micturition contractions at peak were longer in younger groups. The prolonged detrusor contraction in young animals reported here could be related to differences in signal processing, transduction and response to stimulation induced by altered chemical ratio, and/or prolonged stimulation time, exaggerated responses to cutaneous stimulation, differences in bladder smooth muscle cell structure, or sensitivity to/utilization of extracellular Ca 2ϩ between neonates and adult animals (8, 12, 21, 24, 26, 38 -40) . In neonates, bladder capacity was small, necessitating more Fig. 3 . Age-related changes in the micturition-contraction profile and peak micturition pressure. Each recording was obtained from a different animal. frequent triggering of voiding; premature stimulation at low bladder capacity was unable to trigger micturition. With increasing age, the frequency of micturition decreased in proportion to the increase in bladder capacity. The pattern of interrupted voiding we occasionally observed in 1-to 2-wk-old rats was similar to that described in clinical studies. This pattern of voiding is considered to be an immature behavior reflecting dyscoordination between the sphincter and detrusor smooth muscle (29) . However, in rats mechanically induced to micturate, the occurrence of interrupted voiding could be a transitional form between immature and mature voiding, although it presents similarly (two detrusor contractions in response to a single stimulation). Our study showed no changes in basal, filling, or threshold pressure among age groups. Bladder compliance increased with normal development. Previous reports (6, 23, 31) of a progressive decrease in threshold pressure can probably be attributed to differences in filling rates or effects of anesthesia used, both of which have been shown to affect urodynamic parameters.
After birth, many regions of the somatosensory nervous system undergo changes in connectivity, leading to transient functional stages before the adult pattern is achieved (3). In adults, the micturition trigger is achieved by reaching the threshold of tension-sensing mechanoreceptors in the bladder wall, which drives the afferent stimulus of the bladder-tobladder micturition reflex (18) . Distention of the bladder wall in young animals, however, fails to evoke a micturition contraction; instead, perineal cutaneous afferents act as forerunners of bladder-specific sensors within the perineal-to-bladder reflex (11) . Considerable research attention has been paid to the autonomous, myogenic contractile activity of the bladder wall for its possible involvement in sensory processing and/or perception of bladder fullness (7, 14, 41) . This activity has been suggested to generate afferent "noise" that contributes to the sensory stimulus modulation that affects the urge to urinate. Our study as well as previous reports based on in vitro bladder smooth muscle contractility experiments and/or anesthetized animals point to the fact that myogenic (phasic) activity changes with age. It is minimal perinatally, becomes prominent during approximately the first 2 postnatal weeks, and then diminishes, reaching the adult pattern of micturition. However, our in vivo results indicate that the time course for critical switch points in patterns is accelerated compared with that observed in in vitro or ex vivo studies. During conscious cystometry, there was only a transient absence of activity at P0, and a high-amplitude, low-frequency rhythmic myogenic activity developed shortly thereafter. This latter pattern lasted for Ͻ1 wk. At the beginning of week 2, this activity was replaced by distention-driven activity, suggesting that a fully functional, tension-sensing local bladder wall reflex mechanism is in place at this age. Interestingly, incomplete bladder emptying (i.e., interrupted voiding) did not disrupt the progressive increase in the amplitude of volume-related rhythmic contractions. Only after the bladder was completely empty was contractile activity during filling reduced to resting levels and a new micturition cycle initiated. Nonvoiding contractions are thought to be myogenic in origin but have been shown to receive excitatory (cholinergic, purinergic, peptidergic, and nitregic) and inhibitory (adrenergic) inputs (14 -16, 25) . The postnatal sympathoparasympathetic imbalance, reflecting a fully developed cholinergic (excitatory) and still-developing, subcompetent sympathetic (inhibitory) nervous system, may contribute to the elevated contractile activity of the detrusor during the first neonatal week. As part of the bladder sensory motor system, this elevated activity phenomenon may serve as an instructive role physiologically, facilitating bladder-specific sensory signal transduction, growth factor release, and the formation and/or strengthening of spinal synapses at a time when neural pathways are searching for appropriate connections (1, 8, 14) . Further studies are required to elucidate the specific determinants of pattern switching and better understand the basic features and variations associated with the development of volume-driven bladder sensation. Although maturation of brain activity has been shown to be more important in unmasking the bladder-to-bladder reflex than maturation of bladder afferent activity, a role for bladder afferent maturation in shaping the distention-to-bladder sensation relation cannot be ruled out (35) . Overall, our demonstration of postnatal changes in the urodynamic parameters in conscious rat pups is consistent with findings in anesthetized rats and rabbits (5, 24) . Although these findings contrast with clinical studies reporting low or no increased detrusor activity in healthy infants, studying the physiologically elevated detrusor activity early after the birth and progressive changes induced by later development may be useful in the context of understanding regulation of bladder function and dysfunction (2, 14, 22, 36) . Detrusor overactivity during filling remains the main focus in elucidating the pathophysiology of neurogenic bladder dysfunction, dysfunctional voiding, and idiopatic detrusor overactivity disorder in children (17) . Therefore, the animal model presented here may be considered as an effective tool for systematically investigating the mechanisms underlying detrusor overactivity and the role it plays in pathophysiology of bladder dysfunction. Taken together, our results suggest that detrusor contractility undergoes changes during early postnatal development in rat pups and highlight the potential of further investigations to facilitate identification of the key modulators and/or new therapeutic targets.
Conclusions. Here, we provide the first description of conscious cystometry in rat pups and discuss the development of the micturition reflex in terms of physiological patterns and urodynamic parameters. Our data demonstrating the progressive changes in bladder function that occur after birth significantly extend previous findings from in vitro and ex vivo studies and studies in anesthetized animals. The results show that conscious cystometry is a feasible method for monitoring functional maturation of the urinary bladder in young animals. The reliability of the data and the reproducibility of the measurements allow for further experimental manipulations, such as pharmacological interventions to test pathways that drive the maturation and/or physiology of the micturition reflex.
